The acute and chronic effects of static stretching (SS) on joint range of motion (ROM) and stiffness of muscle-tendon unit (MTU) and/or muscle was reviewed. Previous studies have provided evidence that SS is effective in increasing ROM, both immediately and chronically. Moreover, 75 seconds (75s) SS is sufficient for eliciting an immediate, acute effect. In contrast, the recent trend is to evaluate the effect of stretching not by measuring ROM, but by measuring stiffness in order to eliminate the effect of psychological factors. However, the findings of studies measuring stiffness are conflicting, with some results indicating a decrease in stiffness and others indicating no change in stiffness despite changes in joint ROM. Our study results support that stiffness decrease with SS, and that >2 min of SS is effective in eliciting the effect. The retention time taken to achieve the effect of SS is also under discussion, and the retention time may differ for ROM and muscle stiffness. Concerning the chronic effect of SS, many studies have indicated that a routine SS program decreases passive torque or MTU and muscle stiffness. However, the underlying mechanism for this decrease remains to be clarified.
Introduction
Stretching exercises are commonly used in clinical and athletic settings as part of a warm-up regime to increase joint ROM. Stretching exercises can be classified into static stretching (SS), dynamic stretching, ballistic stretching, and proprioceptive neuromuscular facilitation stretching 1) . Among these, SS is the most commonly used stretching exercise for increasing joint ROM and decreasing muscletendon unit (MTU) and muscle stiffness. The word static implies that there is no change in the joint angle during the stretching, and that the joint is held at a constant angle during the stretching period. Nevertheless, constant-torque stretching typically falls under the category of SS, though it is technically not static, because some joint angle change occurs during the stretching 2) . Therefore, in this study, we reviewed the acute and chronic effects of SS (constant-angle and constant-torque stretching) on joint ROM, passive torque and stiffness.
Acute effects of SS on ROM
Empirical evidence has shown that SS can increase ROM. Numerous studies have examined the effect of SS on ROM. Many previous studies [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] have reported that joint ROM in healthy young people increased immediately after SS (acute effect). We have extracted the main findings from these studies and summarized them in Table  1 . Systematic reviews on the acute effects of SS on ROM for knee extension 13) and ankle dorsiflexion 14) have concluded that SS could increase the joint ROM of knee extension and ankle dorsiflexion. In addition, Boyce et al. 8) examined the minimal number of SS repetitions required to induce an acute increase in hamstring length (measured via knee extension ROM). Knee extension ROM measurements were recorded after ten 15 second (15s) passive stretch repetitions. The results showed that significant increases in ROM diminished at the fifth stretch repetition (i.e. 75s). The results of this study indicate that passive stretching beyond 5 repetitions does not yield significant gains in ROM and is probably unnecessary.
Chronic effects of SS on ROM
Numerous studies have examined the chronic as well as acute effects of SS on joint ROM, as described above. However, numerous factors of SS, such as time, duration, and frequency, are yet to be clarified for establishing an optimal stretching protocol. Previous studies have revealed that more than 2 weeks of a routine SS program increased the joint ROM in healthy young people (chronic effect summarized in Table 2 ) [15] [16] [17] [18] [19] [20] . Regarding duration, Bandy et al. 15) examined the chronic effects of SS on the hamstring muscles in 3 groups with different stretch times (15s, 30s and 60s, 5 days per week for 6 weeks) to investigate the optimal time of SS for increasing knee extension ROM. *Correspondence: ichihashi.noriaki.5z@kyoto-u.ac.jp The results indicated that 30s and 60s of SS were more effective in increasing ROM than 15s of SS or no stretching. However, no significant difference was found in the effects elicited by 30s and 60s of SS, suggesting that 30s of SS is effective in increasing joint ROM. Of note, it is not the duration of a single stretch, but the total stretching duration that is important. When the total SS duration was constant, there were no differences between 6 × 10s stretches and 2 × 30s SS 21) . In addition, some previous studies 17, [21] [22] [23] suggested that the total duration of SS might be an important factor for increasing joint ROM.
Marques et al. 24) examined the chronic effects of SS frequency on hamstring muscles in 3 different groups (1, 3, and 5 times per week for 4 weeks) to determine the optimal frequency of SS for increasing knee extension ROM. The results suggested that a routine SS program performed 3 times per week was more effective than a program performed once per week in improving the ROM, with the results being similar to those for a routine SS program performed 5 times per week.
The influence of age on the effect of stretching is unclear. Some studies examining the chronic effects of SS on the joint ROM of elderly people showed that a routine SS program, performed for more than 4 weeks, increased joint ROM [25] [26] [27] . In particular, Feland et al. 25) examined the chronic effects of SS on the hamstring muscles of elderly people; they divided the subjects into 3 groups with different stretch times (15s, 30s and 60s, 5 days per week for 6 weeks). The results indicated that 60s SS was more effective in increasing knee extension ROM than 15s or 30s SS, within this elderly group. These findings were inconsistent with those of Bandy et al. 15) , who studied the effect of differences in stretching time on young subjects; therefore, their findings were probably affected by age-related physiologic changes. Collectively, these findings suggest that long-duration SS increases joint ROM to a larger extent in elderly people than in healthy young people.
Acute effects of SS on passive torque and stiffness
Numerous previous studies have reported that ROM increased immediately after SS (acute effect) and/or after a routine SS program (chronic effect), as described above. However, joint ROM is also influenced by psychological factors such as pain and stretch tolerance in addition to the viscoelasticity of muscles, tendons, ligaments, and joint capsules 28, 29) . Therefore, an alternative approach that can eliminate the effect of psychological factors involves determining the passive torque during passive stretching 30, 31) , and the relationship between passive torque and angle is a measure of the overall stiffness of the MTU (Fig.  1 ) 31, 32) . In addition, measuring the dynamics of muscles and tendons in vivo directly and noninvasively is possible using ultrasonography [33] [34] [35] ; and many previous studies have measured the stiffness of tendons by measuring the displacement of the aponeurosis during ramp isometric contraction [36] [37] [38] [39] . Recent studies have shown that gastrocnemius muscle stiffness could be assessed by measuring the displacement of the myotendinous junction (MTJ) during passive ankle dorsiflexion by using a dynamometer, as well as by ultrasonography [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] . Many studies have examined the acute effects of SS on passive torque and MTU stiffness, and have reported that SS of varying durations (1-42 min) resulted in reduced passive torque or reduced MTU stiffness (summarized in Table 3) 5, 31, 32, 38, 40, 41, 45, 46, 48, 49, [52] [53] [54] [55] [56] [57] [58] . On the other hand, Halbertsma et al. (1996) reported that the joint ROM increased immediately after 5 min of SS, and that no In previous studies, the slope of the passive torque-angle curve from 15° to 25° was defined as MTU stiffness (Nm/°) 37, 45, 58) . In addition, passive torque at the End ROM was defined as the index of stretch tolerance, and an increase in passive torque at the End ROM was defined as a modification in stretch tolerance 48, 74, 77) . 4 JPFSM : Ichihashi N, et al. 
Time course of changes in passive torque, MTU and muscle stiffness during SS
The duration of SS is a key factor in decreasing passive torque and MTU stiffness, but the minimum duration of SS for such a change has not yet been established. Therefore, we examined the time points at which changes in the passive properties of the gastrocnemius MTU occur during 5 min of SS in order to determine the minimum time of SS for eliciting a change in passive torque, which is an indicator of MTU resistance, and in MTJ displacement, which is an indicator of muscle extensibility. The association between the 2 indicators during 5 min of SS was also examined 49) . Results showed that gradual changes in both passive torque and MTJ displacement reached the significance level after 2 min of SS. In addition, a significant correlation was found between the rate of change of passive torque and that in MTJ displacement (r = −0.708, P < 0.01, Fig. 2 ). Therefore, SS for more than 2 min is recommended for decreasing MTU resistance and increasing the degree of muscle extensibility. changes were observed in MTU stiffness 4) . They also suggested that the SS-induced increase in joint ROM can be explained by the increase in stretch tolerance. Similarly, other studies have reported an increase in stretch tolerance but no decrease in MTU stiffness after SS for 1-2 min [59] [60] [61] [62] , consistent with the results of Halbertsma et al. (Table 4) 4,59-63) .
Fig. 2
Correlation coefficient between the rate of change in passive torque and MTJ displacement. The line is drawn by linear regression (r = −0.708, P < 0.01) 49) . 
Prolonged effects of SS on passive torque and stiffness
Regarding the prolonged effect of SS, Ryan et al. 32) examined the time course of MTU stiffness responses after different durations (2, 4, and 8 min) of SS and reported that the decrease in MTU stiffness disappeared within 10 min after 2 min of SS, whereas the decrease in MTU stiffness continued to occur for 10 min after 4 and 8 min of SS. Recently, Nakamura et al. 45) reported that the decrease in MTU and muscle stiffness continued for 10 min after 5 min of SS, consistent with the findings of Ryan et al. 32) However, Mizuno et al. 46, 48) reported that, with respect to the acute effect of 5 min of SS, the decrease in MTU and muscle stiffness disappeared within 10-15 min, whereas the increase in ROM continued for 30 min. These results show that the increase in ROM immediately after SS can be attributed to changes in both the viscoelasticity of the MTU and stretch tolerance, whereas the increase in ROM at 15-30 min after SS can be attributed to a change in only stretch tolerance. These studies concluded that the retention time of the acute effects of SS on the viscoelasticity of the MTU was shorter than that on ROM and stretch tolerance. Further studies are needed to clarify the prolonged effect of SS; and it is also necessary to examine the relevance of SS duration and retention time on the effect of SS on decreasing MTU and muscle stiffness. In addition, it would be interesting to examine the effects of warm-up and thermal interventions prior to SS on MTU and muscle stiffness.
Chronic effect of SS on passive torque and stiffness
Regarding the chronic effect of SS on passive torque, MTU, and muscle stiffness, the findings of many studies have indicated that a routine SS program decreased passive torque, MTU, and muscle stiffness (Table 5) 37, 47, [64] [65] [66] [67] . On the other hand, joint ROM was found to increase; but no changes were observed in passive torque and MTU stiffness, suggesting that the sensory perception was modified after a routine SS program (Table 6) 20, [68] [69] [70] [71] [72] [73] . There- Regarding the mechanism of decrease in passive torque, MTU, and muscle stiffness after a routine SS program, Kubo et al. 37) found a significant decrease in MTU stiffness, but not in tendon stiffness, suggesting that a routine SS program does not affect the elasticity of tendon structures, but affects that of connective tissues in parallel with muscle fibers such as the endomysium, perimysium, and epimysium. In addition, Nakamura et al. 47) reported that a decrease in muscle stiffness after routine SS training might be due to an increase in the flexibility and movement of the connective tissue and not because of the lengthening of the muscle fiber, consistent with the findings of Kubo et al. 37) . On the other hand, the underlying mechanism of modification in stretch tolerance may involve the inhibition of signals from nociceptive fibers by the afferent input from muscles and joints during stretching, which, in turn increases the pain thresholds [74] [75] [76] . Further studies with different target muscles and SS duration and intensity are needed to clarify these issues. Further studies are also warranted to determine the duration and frequency of SS for altering MTU and muscle stiffness.
